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Why Strange Quarks to probe the Higgs Sector?

2VMM CAIRO

• Yukawa coupling of the SM Higgs boson to the third generation of fermions has
been clearly established at the LHC

• ATLAS and CMS have recently reported evidence that the Higgs boson decays into
muons

• First experimental indication that the Higgs boson interacts with second-
generation leptons

• Not yet a complete exploration of second-generation Yukawa couplings
• Rare c/s Higgs decays modes are very challenging (nearly impossible to

detect with the current detector capabilities)
• New algorithms for the identification of c-quark jets are becoming

available and have enabled searches for Higgs to c quarks
• Less literature, instead, is available about searches of Higgs decays to

light quarks
• No projections available at future machines
• They may remain out of direct experimental reach unless they are

enhanced compared to SM expectations



Flavor violating Higgs decays
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• When considering BSM models, the possibilities for testing the Higgs coupling to strange
quarks open up

• 2 Higgs Doublet Model (2HDM) as an example: one doublet (approximately identified as
the 125 GeV Higgs) couples mainly to the third generation, while the second doublet
couples mainly to the first and second generation

• Largest production mode of the neutral Higgs bosons would be from a 𝑐𝑐 ̄ initial state,
while the charged Higgs bosons would be dominantly produced from a 𝑐𝑠 initial state.

• The most interesting decay modes include 𝐻/𝐴 → 𝑐𝑐,𝑡𝑐,𝜇𝜇,𝜏𝜇 and 𝐻±→ 𝑐𝑏, 𝑐𝑠, 𝜇𝜈.



Strange Tagging
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• Tagging strange quark jets would:
• allow us to open new opportunities for h → 𝑠𝑠 ̄ searches

• if used in conjunction with c-tagging, it would also allow to probe new
physics models

• 𝐻±→ 𝑐𝑠 (or b𝑠? SLAC-R-728)
• increased branching ratio foreseen in the 2HDM model

“Collider Signatures of Flavorful Higgs Bosons”, W. Altmannshofer et al., Phys Rev. D94 (2016), 11, 115032. 

https://www.slac.stanford.edu/pubs/slacreports/reports15/slac-r-728.pdf


Experimental Handles for Strange Tagging
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• The goal is to discriminate strange jets from u/d jets (discrimination from c/b happens
through c/b tagging)

• The challenge is that strange hadrons are certainly produced from the fragmentation
of strange quarks, but they are also produced frequently in the fragmentation of u/d
quarks (typically with a lower fraction of the jet’s transverse momentum x)

• Identical QCD and electromagnetic interactions, but different hadronization and
subsequent decay processes

• The main idea behind strange taggers is that strange quarks mostly hadronize to
prompt kaons that carry a large fraction of the jet momentum

• A strange-quark jet contains on average a higher ratio of neutral kaon energy
(more energy in the HCal) to neutral pion energy (more energy in the ECal) wrt a
down-quark jet

• One of the main handles used in arxiv:2003.09517v1 (presented in EF2)

• It is clear that PID capabilities to discriminate between kaons and pions would be very
helpful in building a solid strange tagger

• Lessons can be learned from the SLD experience in tagging strange jets from Z
decays (Cherenkov detector with k/pi separation at all momenta)

• PID has been considered also in arxiv:1811.09636 (see extra slides for some
details)

https://indico.fnal.gov/event/44835/


Particle Identification
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• Existing strange tagging studies suffer from low efficiency and very large mis-tag 
probability from u and d quarks, even when using sophisticated machine learning algorithms 

• To complement existing studies (more on this in the next slides), we thought we would put 
more emphasis on exploiting Particle Identification

• This implies looking at new detector concepts
• Current general purpose detectors use the well known dE/dx dependence on βγ, but 

this only allows to get to good PID up to  ~1 GeV
Phys. Rev. D 93, 112015 (2016)• Alternatively, as foreseen for the HL-LHC detectors, 

timing information can be used  to deduce a velocity
that, in combination with the standard measurement of 
momentum from track curvature in the magnetic 
field, yields a measure of the charged particle mass. 

• Another very effective way to achieve particle 
identification is through Cherenkov detectors, as done 
in the ALICE and LHCb experiments at the LHC

In either scenario, kaons with at least 20% of the jet’s transverse momentum x will have to be
identified in order for this to be relevant for strange tagging.

http://cds.cern.ch/record/2146105/files/PhysRevD.93.112015.pdf?version=1


What we would like to do

7VMM CAIRO

• We are still in a very early phase of this project (first meeting last week:
https://indico.slac.stanford.edu/event/6617/), so much has yet to be defined and
we would greatly appreciate inputs from the community as well as help from new
collaborators!

“More specifically, in the context of Snowmass 2021, we propose to study 
the feasibility of the measurement of Higgs boson couplings to light quarks, 
in particular to strange quarks, as of paramount importance to complete the 
understanding of the Higgs sector. The emphasis will be put on future lepton 
colliders since the branching ratio for h → 𝑠𝑠 is below the level of 10-3 [6] in 
the SM and the measurement requires a large number of Higgs bosons in a 
very clean environment, but important information on the usage of advanced 

4D tracking capabilities can also be learned in the HL-LHC context. This 
study strongly aims at motivating the development of strange tagging 

techniques and at providing requirements to future tracking algorithms and 
timing detectors performance.”

• As a side note: a partially related, but more detector-specific LoI on 4D
tracking was also submitted and can be found here

• If possible, any connection between the two would of course be nice

Snowmass LoI

https://indico.slac.stanford.edu/event/6617/contributions/1443/attachments/683/1978/s-tag-SLD.pdf
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF7-131.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF1_EF2-IF3_IF0_Valentina_Maria_Martina_Cairo-047.pdf


What samples would we need?
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• Signal: e+e- à Zh with Zàνν (shown to give highest sensitivity to h->jj)
• Account for jet flavour composition

• Backgrounds:
• Events without h
• Events in which the h does not decay to jj
• Events in which the h is not produced in association with two neutrinos
• e+e- à W+W- (one W decays leptonically and the other hadronically)
• e+e- à ννqq and e+e- à qq (the quark pair can fake the h).

• What about H±->cs samples? Would be great to get feedback from theorists on which model 
would be the best to use

• We are familiarizing with the tutorials (in particular the ILC one so far, but we have to wait for the 
follow-up tutorial to happen, which will be more focused on the analysis)

• We have contacted the MC task force coordinator for technical advices on how to proceed
• For now we would like to start looking into truth level information, we are not paying too 

much attention to the actual detector, we would mainly like to check the truth info to see how 
to better discriminate between pions and kaons arising from the original s-quarks rather than 
from fragmentation of other light quarks, so either ILC or FCC or any other e+e- scenario 
would be OK as a starting point (whatever has a framework that is easier to use would be 
our preference!)



Possible Collaborations
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• David D’Enterria gave a talk during one of the EF1 meetings on Electron Yukawa from s-channel 
in e+e- à Higgs production at FCC-ee and during the talk he mentioned that he was working also 
on H->ss, so we got in touch with him to explore possible collaborations

• Their focus would be on exclusive H->phi+gamma decay, rather than the full h->ssbar with jet 
reconstruction

• One expects a handful of such rare decay events with the ~1.5 million Higgs expected at the 
FCC-ee

• This direct decay interferes with the (more probable) H->gamma gamma*->gamma phi 
channel, and one needs to disentangle the dependence of the yields on k_gamma and k_s
(the k_gamma coupling should be known with good accuracy...). 

• There are phenomenological studies for the LHC (in fact we has cited the one from the ATLAS 
Collaboration), but neither of us recalled them for e+e-. 

• He proposed he will take a closer look at it and try to estimate the actual sensitivity to k_s
• If potentially relevant, and if we are interested in that channel, we carry out together a 

simulation analysis...
• Main signal and background samples needed would be the ones mentioned above

• N.B. No interest from them on ILC scenario (because of the lower statistics)

https://indico.fnal.gov/event/44636/


Summary
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From the Energy Frontier workshop

• We would like to 
contribute to 
increasing our 
understanding of the 
Higgs boson 
Yukawa coupling to 
second generation 
fermions, with 
emphasis on 
strange quarks

• To do so, we plan to develop a strange tagger and 
provide inputs to detector instrumentation that 
would allow to make such a tagger a reality and open 
up possibilities for investigating SM Higgs boson 
decays to strange quarks as well as Higgs flavor 
violating decays

• How much would we need to give up on 
calorimetry in order to have a Cherenkov 
detector in place?

• Given the current technology for timing detectors, 
what level of k/pi discrimination would we reach?

ILC Study Questions for Snowmass 2021

https://indico.fnal.gov/event/43963/contributions/190477/attachments/131609/161205/Snowmass2021-EF-July2020-MN-final.pdf
https://arxiv.org/pdf/2007.03650.pdf


Extra Slides



Existing study by J. Duarte-Campderros, G. Perez,  M. Schlaffer, and A. Soffer
https://arxiv.org/pdf/1811.09636.pdf
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In this letter we propose using a strangeness tagger, inspired by Z → ss measurements at the DELPHI [24] and 
SLD [25] experiments, for probing the Higgs coupling to the strange quark via the h → ss decay. 

We limit the discussion to lepton colliders, having in mind the International Linear Collider (ILC) [26], the Future 
Circular Collider in electron mode (FCC-ee) [27], and the Circular Electron Positron Collider (CEPC) [28]. 
These proposed colliders would run at a center-of-mass energy √s = 250 GeV, where the cross section for 
associated Higgs production, e+e− → Zh, peaks at σ ≈ 210 fb for unpolarized beams [29, 30]. We therefore 
adopt this scenario for this letter. 

We further take into account the 
possibility that the detector has a 

particle identification (PID) capability, to 
discriminate pions from kaons. For 

concreteness we adopt the PID 
capability of the IDEA drift chamber 

with cluster counting, which can 
separate pion from kaon tracks by more 

than 5 standard deviations in the 
relevant momentum range [38]. 

https://link.springer.com/arti
cle/10.1140/epjst/e2019-

900045-4

We obtain an upper limit on the signal strength of μss < 14 and < 7 for integrated luminosities of 5 
and 20 ab−1, respectively. The limit is weakened to μss < 60 for an integrated luminosity of 250 fb−1. 

Can these limits be improved (and eventually make this decay mode accessible) with new 
detector features? How can we better complement these studies? What would be a nice 

flavor violating Higgs decay benchmark to target? 

https://arxiv.org/pdf/1811.09636.pdf
https://link.springer.com/article/10.1140/epjst/e2019-900045-4


What is available?
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• A set of tutorials is being put in place by the Snowmass MC task force to help 
new users ramp up (most of these tutorial still have to take place, so we will 
learn more in the coming weeks)

• The list of samples currently available is here

https://snowmass21.org/montecarlo/energy

https://docs.google.com/spreadsheets/d/19KWScsrEgmHRBtqq3tKxHiREEbT0e_lC3DIPcTdEixc/edit
https://snowmass21.org/montecarlo/energy


What is available?

14VMM CAIRO

https://snowmass21.org/montecarlo/energy

• A set of tutorials is being put in place by the Snowmass MC task force to help 
new users ramp up (most of these tutorial still have to take place, so we will 
learn more in the coming weeks)

• The list of samples currently available is here

From a “quick” look at the various lists, it does not seem that there is any 
sample suitable for us, so we would need to get in touch with the contact 

people from the various collaborations

https://snowmass21.org/montecarlo/energy
https://docs.google.com/spreadsheets/d/19KWScsrEgmHRBtqq3tKxHiREEbT0e_lC3DIPcTdEixc/edit


Future meetings
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• Snowmass Community Planning Meeting (5-8 October 2020)
• https://indico.fnal.gov/event/44870/

• “Higgs as a probe of new physics” breakout session (co-organized by Energy and 
Theory frontier topical groups)

• https://indico.fnal.gov/event/44870/sessions/16305/#20201006
• The focus will be on 2 topics: Higgs/Flavor and Higgs Potential
• The idea is to break the 60’ session in half, the first half concentrating on flavor, 

the latter the on Higgs potential (and related things) with as much discussion as 
possible. There will be only few slides with open points to trigger discussion.

https://indico.fnal.gov/event/44870/
https://indico.fnal.gov/event/44870/sessions/16305/


BR
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Fig. 1 From [5]: The decay branching ratios of the SM Higgs boson as a 
function of its mass.

[5] “Electroweak Symmetry Breaking at the LHC”, A. Djouadi, R.M. 
Godbole, https://link.springer.com/chapter/10.1007%2F978-81-8489-
295-6_5, https://arxiv.org/abs/0901.2030

https://arxiv.org/search/hep-ph?searchtype=author&query=Djouadi%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Godbole%2C+R
https://link.springer.com/chapter/10.1007%2F978-81-8489-295-6_5
https://arxiv.org/abs/0901.2030


BR
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“Collider Signatures of Flavorful Higgs Bosons”, W. Altmannshofer et al., Phys Rev. D94 (2016), 11, 115032. 



SLD
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https://indico.slac.stanford.edu/event/6617/contributions/1443/attachments/683/1978/s-tag-SLD.pdf

https://indico.slac.stanford.edu/event/6617/contributions/1443/attachments/683/1978/s-tag-SLD.pdf


Snowmass Timeline
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https://indico.fnal.gov/event/24264/contributions/75978/attachme
nts/128521/155690/Energy-Frontier-Kick-off-meeting.pdf

https://indico.fnal.gov/event/24264/contributions/75978/attachments/128521/155690/Energy-Frontier-Kick-off-meeting.pdf


Possible future colliders scenario
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https://indico.fnal.gov/event/24264/contributions/75978/attachme
nts/128521/155690/Energy-Frontier-Kick-off-meeting.pdf

https://indico.fnal.gov/event/24264/contributions/75978/attachments/128521/155690/Energy-Frontier-Kick-off-meeting.pdf


Linear vs Circular colliders
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• From the Energy Frontier workshop

https://indico.fnal.gov/event/43963/contributions/190477/attachments/131609/161205/Snowmass2021-EF-July2020-MN-final.pdf


The ILC case
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• ILC Study Questions for Snowmass 2021: https://arxiv.org/pdf/2007.03650.pdf
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